It is well known that azimuthal spin wave modes of magnetic vortex state in permalloy nanodisks have circular symmetry. Intuitively, magnetic materials having magnetocrystalline anisotropy is not compatible with the circular symmetry of the azimuthal modes. In this article, however, we report cubic azimuthal modes in heterogeneous nanodisks consisting of a permalloy core and a Fe shell. The fourfold symmetry of azimuthal modes is due to the exchange, and magneto-static, interactions between the permalloy core and the Fe shell. In comparison to results of circular azimuthal mode, the vortex switching occurs considerably faster under the excitation of cubic azimuthal mode. The gyration path of vortex core turns into square under the influence of induced cubic anisotropy in the Py region. We find out periodic oscillation of the vortex core size and the gyration speed as well. Our findings may offer a new route for spintronic applications using heterogeneous magnetic nanostructures.
Introduction
Magnetic vortex (MV) is a common ground state for soft ferromagnetic thin-film structures, ranging from a few microns down to 100 nanometers or so. [1, 2] In a MV, the magnetization circulates in-plane around a core where the magnetization orients perpendicular to the sample plane. The vortex core (VC) magnetization can be either upward or downward, denoting the vortex polarity p = +1 or p = −1, respectively. Spin dynamics of VC reversal under the excitation of ac magnetic field [3] [4] [5] [6] [7] [8] and spin current [9] [10] [11] receives intensive research interest recently, because of its importance in fundamental physics and technological applications. [1, 12] Spin wave excitation and its interaction with the VC play a key role in the dynamic reversal of VC polarity. A MV state features three kinds of spin wave modes, namely the gyrotropic [13] [14] [15] , azimuthal [16] [17] [18] and radial [16, 17, 19, 20] . The sub-GHz gyrotropic mode is characterized by the VC's spiral motion under the excitation of an in-plane ac field. The azimuthal and radial modes, on the other hand, have much higher eigenfrequencies (~10 GHz). Thus, the azimuthal and radial modes can drive VC switching ten times faster than the gyrotropic one. [5, 18] The azimuthal spin wave modes are characterized by their radial (n = 1, 2, 3, …) and azimuthal mode numbers (m = 1, 2, 3, ...). The clockwise (CW) and counterclockwise (CCW) azimuthal modes correspond to m < 0 and m > 0, respectively. According to conventional knowledge, only materials with zero magnetocrystalline anisotropy are suitable for the azimuthal spin wave, since the existence of anisotropic energy will suppress the transmission of this mode along azimuthal direction. Up to now, studies on azimuthal spin wave have been focused on permalloy (Py: Fe0.2Ni0.8) nanodisks, which have no magnetocrystalline anisotropy. [5, 18, 21, 22] Here, we report novel spin wave dynamics of azimuthal modes in a heterogeneous nanodisk consisting of a Py core and a Fe shell. In contrast to the results in uniform Py disks, our micromagnetic simulations manifest clear fourfold symmetry for the azimuthal spin wave in the Py region, due to the exchange and magneto-static interactions between the Fe shell and Py core. Furthermore, the anisotropic azimuthal spin wave drives considerably faster VC switching, in comparison to the results of homogeneous disks. Meanwhile, the size of VC and the gyration speed oscillate periodically as the VC gyrates along a square path.
Micromagnetic simulation model
The core-shell nanodisk in study is illustrated in Fig. 1(a) . The Py core is 100 nm in radius and the surrounding Fe shell has width of 50 nm. The disk thickness is set as 20 nm.
We use typical Py/Fe material parameters for micromagnetic simulations [23] pJ/m, which is the harmonic mean of Aex of Fe and Py. Experimentally, the core-shell nanodisks can be prepared using advanced nanofabrication techniques. [24] The mesh cell size for the simulations is 1.5 ⅹ1.5 ⅹ20 nm 3 . Additional simulations using cell size of 1.5 ⅹ1.5 ⅹ10 nm 3 verified the reliability of results obtained in this paper. 
Azimuthal modes with fourfold symmetry
The sample is initially in a relaxed ground state with CCW magnetization curling sense and VC polarity p = +1, as shown in Fig. 1(a) . The diameter of the VC is 11.9 nm, which is defined in such a way that the z component of magnetization (mz = Mz / Ms) at the edge of core is 30% lower than that at the peak. To stimulate the spin wave modes of the vortex state, we apply an in-plane sinc-function field
B sin f t t f t t with B0 = 1 mT, t0 = 1 ns and f = 50 GHz. We then conduct fast Fourier transformation (FFT) on the subsequent temporal oscillation of <mx> = <Mx> / Ms, namely the x-component of magnetization averaged over the entire disk.
The resultant FFT power spectrum shown in Fig. 1(b) contains seven resonance peaks. The peak denoted as G0 at 0.595 GHz corresponds to the gyrotropic mode. The other peaks are found at 9.0, 11.5, 15.8, 17.7, 21.0, and 22.7 GHz, respectively, which correspond to the eigenfrequencies of (n, m) = (1, 1), (1, +1), (2, 1), (2, +1), (3, 1), and (3, +1) azimuthal modes, respectively. The small peaks in Fig. 1(b) originate from irregular standing waves, which will disappear if we set kc = 0 for the Fe shell. stronger spin wave oscillation, than the Fe shell, as shown in Fig. 1(c) . On the other hand, the azimuthal modes in the Py core shows clear fourfold symmetry in Fig. 1(c) . This result indicates that the Fe shell induces cubic anisotropy in the Py core, due to the exchange and magneto-static coupling between the core and the shell. This induced cubic symmetry results in nontrivial spin dynamics that we will discuss in detail below.
Dynamics of the anisotropic azimuthal mode
After identifying the azimuthal modes in this core-shell nanodisk, we apply an in-plane CW rotating field with amplitude of 8 mT and frequency of 9 GHz to excite the (n = 1, m = 1) mode. The snapshots of the mz spatial distribution shown in Fig. 2 illustrates the spin dynamics until the VC switching occurs. At t = 0 ps, the vortex is in the relaxed ground state. After excitation by the in-plane rotating field, the VC moves away from the disk center due to the interaction of azimuthal spin wave with the gyrotropic mode. [5, 22] For the m = −1 mode in study, the gyrofield [26] and spin wave oscillation acts constructively, thus forms relatively broad negative and positive mz regions, to the left and right side of the core, respectively, in relation to the direction of motion. [5] Note that the VC, along The gyration trajectory of VC, illustrated in Fig. 3(a) , manifests an unusual feature of the anisotropic azimuthal mode. We plot the trajectory by recording positions of the apex of the VC. It shows that the VC spirals around the disk center in a clockwise sense at a frequency of 8.8 GHz, slightly less than the eigenfrequency of the 1   m mode. This behavior is consistent with previous studies on homogeneous vortices. [18] However, in contrast to the circular gyration in homogeneous disks [5, 18] , the VC trajectory in Fig. 3(a) transforms from circular into square after t = 294 ps, when the VC is about 6.4 nm away from the disk center. Such transformation indicates that the VC interacts with growing induced cubic anisotropy as it moves toward the Py/Fe interface. Furthermore, we show temporal evolution of the gyration speed (vcore) and diameter (dcore) of VC in Fig. 3 Finally, Fig. 4 shows how long for the VC to reverse after a rotating field is applied.
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